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Description
TECHNICAL FIELD
[0001] The present invention relates to a self-position estimation technology.
BACKGROUND TECHNIQUE

[0002] A technology that detects ground objects installed on a traveling route of a vehicle by using a radar and a
camera and corrects an own-vehicle position based on a result of the detection has been known. For example, Patent
Reference 1 discloses a technology that collates an output of a measurement sensor and positional information of a
ground object previously registered in a map, to estimate a self-position. Further, Patent Reference 2 discloses an own-
vehicle position estimation technology using a Kalman filter.

PRIOR ART REFERENCES
PATENT REFERENCES
[0003]

Patent Reference 1: Japanese Patent Laid-Open No. 2013-257742
Patent Reference 2: Japanese Patent Laid-Open No. 2017-72422

SUMMARY OF THE INVENTION
PROBLEM TO BE SOLVED BY THE INVENTION

[0004] Inacase where a continuously-provided structure such as a white line, a curbstone, and a guardrail is measured
in the self-position estimation based on a Bayesian method disclosed in Patent Reference 2, a distance in a lateral
direction viewed from the own vehicle can be measured, but a distance in a traveling direction cannot be accurately
specified due to continuity in the traveling direction. In addition, in a case of a lane division line in a dashed line shape,
a length of the lane division line to be detected in a front-rear direction is changed. Therefore, the position in the traveling
direction cannot be accurately specified similarly.

[0005] The presentinvention is made to solve the above-described issues, and an object of the present invention is
to provide a self-position estimation device that handles a lane division line such as a white line as a measurement
target, and makes it possible to perform position estimation not only in a lateral direction but also in a traveling direction
with high accuracy.

MEANS FOR SOLVING THE PROBLEM

[0006] An invention according to claims is a self-position estimation device mounted on a mobile body comprising: an
acquisition unit configured to acquire a predicted position of the mobile body; a difference value calculation unit configured
to calculate a difference value between a predicted position of an end point of a lane division line and a measured
position of the end point of the lane division line, the predicted position being obtained based on information on the end
point of the lane division line acquired from map information, the measured position being measured by a measurement
unit which is mounted on the mobile body and which measures the measured position by performing scanning with a
light in a predetermined direction; and an estimation unit configured to estimate a self-position of the mobile body by
correcting the predicted position of the mobile body with a value obtained by multiplying the difference value by a
coefficient, wherein the estimation unit corrects the coefficient based on an interval of scanning positions of the meas-
urement unit at a position where the end point of the lane division line is detected.

[0007] Anotherinventionaccordingto claimsis a self-position estimation method performed by a self-position estimation
device mounted on a mobile body, the method comprising: an acquisition process configured to acquire a predicted
position of the mobile body; a difference value calculation process configured to calculate a difference value between
a predicted position of an end point of a lane division line and a measured position of the end point of the lane division
line, the predicted position being obtained based on information on the end point of the lane division line acquired from
map information, the measured position being measured by a measurement unit which is mounted on the mobile body
and which measures the measured position by performing scanning with a light in a predetermined direction; and an
estimation process configured to estimate a self-position of the mobile body by correcting the predicted position of the
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mobile body with a value obtained by multiplying the difference value by a coefficient, wherein the estimation process
corrects the coefficient based on an interval of scanning positions of the measurement unit at a position where the end
point of the lane division line is detected.

[0008] Still another invention according to claims is a program executed by a self-position estimation device that is
mounted on a mobile body and includes a computer, the program causing the computer to function as: an acquisition
unit configured to acquire a predicted position of the mobile body; a difference value calculation unit configured to
calculate a difference value between a predicted position of an end point of a lane division line and a measured position
of the end point of the lane division line, the predicted position being obtained based on information on the end point of
the lane division line acquired from map information, the measured position being measured by a measurement unit
which is mounted on the mobile body and which measures the measured position by performing scanning with a light
in a predetermined direction; and an estimation unit configured to estimate a self-position of the mobile body by correcting
the predicted position of the mobile body with a value obtained by multiplying the difference value by a coefficient,
wherein the estimation unit corrects the coefficient based on an interval of scanning positions of the measurement unit
at a position where the end point of the lane division line is detected.

BRIEF DESCRIPTION OF THE DRAWINGS
[0009]

FIG. 1 is a schematic configuration diagram of a driving support system.

FIG. 2 is a block diagram illustrating a functional configuration of an onboard device.

FIG. 3 is a diagram illustrating a state variable vector in a two-dimensional orthogonal coordinate system.

FIG. 4 is a diagram illustrating schematic relationship between a prediction step and a measurement update step.
FIG. 5 is a diagram illustrating functional blocks of an own-vehicle position estimation unit.

FIG. 6is adiagramillustrating a method of converting alidar measurement value into a value in a Cartesian coordinate
system.

FIG. 7 is a diagram illustrating a method of detecting a white line by a lidar mounted on a vehicle.

FIG. 8 is a diagram illustrating positions of a plurality of scan lines in a window.

FIG. 9 is a diagram illustrating a method of detecting a position of an end point at a starting part of a white line.
FIG. 10 is a diagram illustrating a method of detecting a position of an end point at a termination part of the white line.
FIG. 11 is a diagram illustrating a method of determining the position of the end point in a case where reflection
intensity is changed in middle of a scan line.

FIG. 12 is a diagram illustrating a method of calculating alandmark prediction value of the end point of the white line.
FIGS. 13A and 13B are diagrams illustrating correction coefficients of a Kalman gain.

FIGS. 14A and 14B are diagrams illustrating correction coefficients of measurement noise.

FIG. 15 is a flowchart of an own-vehicle position estimation processing.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0010] According to one aspect of the present invention, there is provided a self-position estimation device mounted
on amobile body, comprising: an acquisition unit configured to acquire a predicted position of the mobile body; a difference
value calculation unit configured to calculate a difference value between a predicted position of an end point of a lane
division line and a measured position of the end point of the lane division line, the predicted position being obtained
based on information on the end point of the lane division line acquired from map information, the measured position
being measured by a measurement unit which is mounted on the mobile body and which measures the measured
position by performing scanning with a light in a predetermined direction; and an estimation unit configured to estimate
a self-position of the mobile body by correcting the predicted position of the mobile body with a value obtained by
multiplying the difference value by a coefficient, wherein the estimation unit corrects the coefficient based on an interval
of scanning positions of the measurement unit at a position where the end point of the lane division line is detected.

[0011] The above-described self-position estimation device is mounted on the mobile body and acquires the predicted
position of the mobile body. The self-position estimation device calculates the difference value between the predicted
position of the end point of the lane division line that is obtained based on the information on the end point of the lane
division line acquired from the map information and the measured position of the end point of the lane division line
measured in such a manner that the measurement unit mounted on the mobile body performs scanning with a light in
a predetermined direction, and estimates the self-position of the mobile body by correcting the predicted position of the
mobile body with the value obtained by multiplying the difference value by the coefficient. Then, the self-position estimation
device corrects the coefficient based on the interval of the scanning positions of the measurement unit at the position
where the end point of the lane division line is detected. According to the self-position estimation device, it is possible
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to enhance estimation accuracy of the self-position in the traveling direction of the mobile body by using the position of
the end point of the lane division line. In a preferred example, the coefficient is a Kalman gain.

[0012] In one mode of the above-described self-position estimation device, the estimation unit corrects the coefficient
with an inverse number of the interval of the scanning positions. In another mode, the estimation unit corrects the
coefficient based on a ratio of the interval of the scanning positions and a shortest interval of the scanning positions
measured by the measurement unit among intervals of the scanning positions. In this mode, the coefficient is corrected
such that the difference value is largely reflected in the self-position estimation as the interval of the scanning positions
is smaller.

[0013] In still another mode of the above-described self-position estimation device, the measurement unit detects a
lane division line existing in a window that is defined at a predetermined position with a position of the mobile body as
a reference, and the estimation unit corrects the coefficient based on a ratio of number of scan lines existing on the lane
division line and number of scan lines previously determined based on a size of the window. In this mode, the coefficient
is corrected such that the difference value is largely reflected in the self-position estimation as the number of scan lines
existing on the detected lane division line is larger.

[0014] In still another mode of the above-described self-position estimation device, the measurement unit detects a
middle point between a scan line existing on the lane division line and a scan line not existing on the lane division line
as the end point of the lane division line. The scan line existing on the lane division line and the scan line not existing
on the lane division line are adjacent to each other. This makes it possible to determine the end point of the lane division
line from a position of the scan line existing on the lane division line and a position of the scan line not existing on the
lane division line.

[0015] According to another aspect of the present invention, there is provided a self-position estimation method per-
formed by a self-position estimation device mounted on a mobile body, the method comprising: an acquisition process
configured to acquire a predicted position of the mobile body; a difference value calculation process configured to
calculate a difference value between a predicted position of an end point of a lane division line and a measured position
of the end point of the lane division line, the predicted position being obtained based on information on the end point of
the lane division line acquired from map information, the measured position being measured by a measurement unit
which is mounted on the mobile body and which measures the measured position by performing scanning with a light
in a predetermined direction; and an estimation process configured to estimate a self-position of the mobile body by
correcting the predicted position of the mobile body with a value obtained by multiplying the difference value by a
coefficient, wherein the estimation process corrects the coefficient based on an interval of scanning positions of the
measurement unit at a position where the end point of the lane division line is detected. According to the self-position
estimation method, it is possible to enhance estimation accuracy of the self-position in the traveling direction of the
mobile body by using the position of the end point of the lane division line.

[0016] Accordingto still another aspect of the presentinvention, there is provided a program executed by a self-position
estimation device that is mounted on a mobile body and includes a computer, the program causing the computer to
function as: an acquisition unit configured to acquire a predicted position of the mobile body; a difference value calculation
unit configured to calculate a difference value between a predicted position of an end point of a lane division line and a
measured position of the end point of the lane division line, the predicted position being obtained based on information
on the end point of the lane division line acquired from map information, the measured position being measured by a
measurement unit which is mounted on the mobile body and which measures the measured position by performing
scanning with a light in a predetermined direction; and an estimation unit configured to estimate a self-position of the
mobile body by correcting the predicted position of the mobile body with a value obtained by multiplying the difference
value by a coefficient, wherein the estimation unit corrects the coefficient based on an interval of scanning positions of
the measurement unit at a position where the end point of the lane division line is detected. By executing the program
by the computer, the above-described self-position estimation device can be realized. The program can be handled by
being stored in a recording medium.

EMBODIMENTS

[0017] A preferred embodiment of the present invention is described below with reference to drawings. Note that a
character in which a symbol "A" or "-" is added above an optional character is expressed by "A*" or "A™" ("A" is optional
character) for convenience in the present specification.

[Driving Support System]

[0018] FIG. 1is a schematic configuration diagram of a driving support system according to the present embodiment.

The driving support system illustrated in FIG. 1 includes an onboard device 1 that is mounted on a vehicle and performs
control relating to driving support of the vehicle, a lidar (light detection and ranging, or laser illuminated detection and



10

15

20

25

30

35

40

45

50

55

EP 3 779 510 A1

ranging) 2, a gyro sensor 3, a vehicle speed sensor 4, and a GPS receiver 5.

[0019] The onboard device 1 is electrically connected to the lidars 2, the gyro sensor 3, the vehicle speed sensor 4,
and the GPS receiver 5, and estimates a position of a vehicle (also referred to as "own-vehicle position") on which the
onboard device 1 is mounted, based on outputs from the lidars 2, the gyro sensor 3, the vehicle speed sensor 4, and
the GPS receiver 5. Further, the onboard device 1 performs automatic driving control and the like of the vehicle such
that the vehicle travels along a route to a set destination based on a result of the estimation of the own-vehicle position.
The onboard device 1 stores a map database (DB) 10 in which road data and information about landmark ground objects
and lane division lines provided near a road are registered. Examples of the above-described landmark ground objects
include kilometer posts, 100-meter posts, delineators, traffic infrastructure facilities (e.g., traffic signs, destination boards,
and signals), telephone poles, and streetlights, periodically arranged along the road. The onboard device 1 collates the
outputs from the lidars 2 with the map DB 10 to estimate the own-vehicle position. The onboard device 1 is an example
of a "self-position estimation device" in the present invention.

[0020] Each of the lidars 2 emit a pulse laser to a predetermined angle range in a horizontal direction and a vertical
direction to discretely measure a distance to an object existing outside, and generates three-dimensional point group
information representing a position of the object. In this case, each of the lidar 2 includes an irradiation unit, a light
reception unit, and an output unit. The irradiation unit performs irradiation with a laser beam while changing an irradiation
direction. The light reception unit receives reflected light (scattered light) of the irradiated laser beam. The output unit
outputs scan data based on a light reception signal output from the light reception unit. In the present embodiment, an
irradiation range of the laser emitted by the lidar 2 includes at least a road surface of the road. The scan data is generated
based on the irradiation direction corresponding to the laser beam received by the light reception unit and a distance to
the object in the irradiation direction of the laser beam. The distance to the object is specified based on the above-
described light reception signal. Generally, accuracy of the distance measurement value by the lidar is higher as the
distance to the object is smaller, and the accuracy is lower as the distance is larger. The lidars 2, the gyro sensor 3, the
vehicle speed sensor 4, and the GPS receiver 5 each supply output data to the onboard device 1. The lidar 2 is example
of a "measurement unit" in the present invention.

[0021] FIG. 2 is a block diagram illustrating a functional configuration of the onboard device 1. The onboard device 1
mainly includes an interface 11, a storage unit 12, an input unit 14, a control unit 15, and an information output unit 16.
These elements are connected to one another through a bus line.

[0022] The interface 11 acquires the output data from the sensors such as the lidar 2, the gyro sensor 3, the vehicle
speed sensor 4, and the GPS receiver 5, and supplies the output data to the control unit 15.

[0023] The storage unit 12 stores programs to be executed by the control unit 15, and information necessary for the
control unit 15 to perform predetermined processing. In the present embodiment, the storage unit 12 stores the map DB
10 including lane division line information and ground object information. The lane division line information is information
about a lane division line (white line) provided in each road, and includes coordinate information representing a discrete
position of each lane division line. Note that the lane division line information may be information incorporated in the
road data of each road. Further, in the present embodiment, as for a lane division line of a dashed line, the lane division
line information includes coordinate information representing positions of end points of the lane division line. The ground
object information is information about a ground object other than the lane division line. In this example, at least ground
object ID corresponding to an index of a ground object and positional information that indicates an absolute position of
the ground object represented by latitude, longitude, (and altitude), etc. are associated with each other for each ground
object. Note that the map DB 10 may be periodically updated. In this case, for example, the control unit 15 receives
partial map information about an area to which the own-vehicle position belongs, from a server apparatus managing the
map information through an unillustrated communication unit, and reflects the partial map information in the map DB 10.
[0024] The input unit 14 includes a button, a touch panel, a remote controller, an audio input device, and the like
operated by a user. The information output unit 16 includes, for example, a display and a speaker that perform output
based on control by the control unit 15.

[0025] The control unit 15 includes a CPU executing a program, etc., and controls the whole of the onboard device 1.
In the present embodiment, the control unit 15 includes an own-vehicle position estimation unit 17. The control unit 15
is an example of an acquisition unit, a difference value calculation unit, and an estimation unit in the present invention.
[0026] The own-vehicle position estimation unit 17 corrects the own-vehicle position estimated from the output data
of the gyro sensor 3, the vehicle speed sensor 4, and/or the GPS receiver 5, based on the measurement values of the
distance and the angle of a landmark by the lidar 2 and the positional information on the landmark extracted from the
map DB 10. In the present embodiment, as an example, the own-vehicle position estimation unit 17 alternately performs
a prediction step of predicting the own-vehicle position from the output data of the gyro sensor 3, the vehicle speed
sensor 4, and the like based on a state estimation method based on Bayesian estimation and a measurement update
step of correcting a predicted value of the own-vehicle position calculated in the immediately preceding prediction step.
As a state estimation filter used in these steps, various filters developed for Bayesian estimation are usable, and examples
of the state estimation filter include an extended Kalman filter, an unscented Kalman filter, and a particle filter. As
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described above, various methods are proposed as the position estimation method based on Bayesian estimation.
[0027] In the following, the own-vehicle position estimation using the extended Kalman filter is briefly described. As
described below, in the present embodiment, even in a case of the own-vehicle position estimation based on any of the
ground objects and the lane division lines, the own-vehicle position estimation unit 17 consistently performs the own-
vehicle position estimation processing using the extended Kalman filter.

[0028] FIG. 3 is a diagram illustrating a state variable vector x in a two-dimensional orthogonal coordinate system. As
illustrated in FIG. 3, the own-vehicle position on a plane defined in the two-dimensional orthogonal coordinate of x and
y is represented by coordinates " (x, y) " and an azimuth of own vehicle "#". The azimuth ¥ is defined as an angle formed
by the traveling direction of the vehicle and the x-axis. The coordinates (x, y) represent an absolute position in a coordinate
system that has a certain reference position as an origin, corresponding to, for example, a combination of latitude and
longitude.

[0029] FIG. 4is adiagramiillustrating schematic relationship between the prediction step and the measurement update
step. Inaddition, FIG. 5 illustrates exemplary functional blocks of the own-vehicle position estimation unit17. As illustrated
in FIG. 4, the prediction step and the measurement update step are repeated to successively perform calculation and
update of the estimated value of a state variable vector "X" representing the own-vehicle position. Further, as illustrated
in FIG. 5, the own-vehicle position estimation unit 17 includes a position prediction unit 21 performing the prediction
step, and a position estimation unit 22 performing the measurement update step. The position prediction unit 21 includes
a dead reckoning block 23 and a position prediction block 24. The position estimation unit 22 includes a landmark
search/extraction unit 25 and a position correction block 26. Note that, in FIG. 4, the state variable vector at a reference
time (i.e., current time) "t" to be calculated is expressed by "X-(t)" or "XA(t)". The state variable vector is expressed as
"state variable vector X(t) = (x(t), y(t), ¥(t))T". In this example, a tentative estimated value (predicted value) estimated
in the prediction step is added with a symbol "-" above a character representing the predicted value, and an estimated
value with higher accuracy updated in the measurement update step is added with a symbol "A" above the character
representing the value.

[0030] In the prediction step, the dead reckoning block 23 of the own-vehicle position estimation unit 17 determines
a moving distance and azimuth change from a preceding time by using a moving speed "v" and an angular velocity "®"
of the vehicle (these are collectively expressed by "control value u(t) = (v(t), o(t))™). The position prediction block 24 of
the own-vehicle position estimation unit 17 adds the determined moving distance and the determined azimuth change
to the state variable vector X(t-1) at the time t-1 calculated in the immediately preceding measurement update step,
thereby calculating the predicted value of the own-vehicle position (also referred to as "predicted own-vehicle position")
X(t) at the time t. In addition, at the same time, the position prediction block 24 of the own-vehicle position estimation
unit 17 calculates a covariance matrix "P-(t)" corresponding to error distribution of the predicted own-vehicle position X"
(t), from a covariance matrix "P*(t-1)" at the time t-1 calculated in the immediately preceding measurement update step.
[0031] Inthe measurement update step, the landmark search/extraction unit 25 of the own-vehicle position estimation
unit 17 associates the position vector of the landmark registered in the map DB 10 with the scan data of the lidars 2.
Further, in a case where the association is performable, the landmark search/extraction unit 25 of the own-vehicle
position estimation unit 17 acquires a measurement value of the associated landmark (referred to as "landmark meas-
urement value") "Z(t)" by the lidars 2 and an estimated measurement value of the landmark (referred to as "landmark
prediction value") "Z-(t)". The landmark prediction value Z-(t) is obtained by modeling the measurement processing by
the lidars 2 using the predicted own-vehicle position X-(t) and the position vector of the landmark registered in the map
DB 10. The landmark measurement value Z(t) is a two-dimensional vector in a vehicle body coordinate system that is
obtained by converting the distance and the scan angle of the landmark measured by the lidars 2 at the time t into
components in the traveling direction and the lateral direction of the vehicle. The position correction block 26 of the own-
vehicle position estimation unit 17 calculates a difference value between the landmark measurement value Z(t) and the
landmark prediction value Z-(t) as expressed by the following expression (1).

Z(t)-Z(t)=

[0032] As expressed by the following expression (2), the position correction block 26 of the own-vehicle position
estimation unit 17 multiplies the difference value between the landmark measurement value Z(t) and the landmark
prediction value Z-(t) by a Kalman gain "K(t)", and adds the result of the multiplication to the predicted own-vehicle
position X-(t), thereby calculating an updated state variable vector (also referred to as "estimated own-vehicle position")
XA(t).
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X() = X()+ K(){Z()-Z()}

[0033] Further, in the measurement update step, the position correction block 26 of the own-vehicle position estimation
unit 17 determines a covariance matrix P/(t) (also simply referred to as P(t)) corresponding to the error distribution of
the estimated own-vehicle position XA(t), from the covariance matrix P-(t), in a manner similar to the prediction step. The
parameters such as the Kalman gain K(t) can be calculated in a manner similar to, for example, a well-known self-
position estimation technology using the extended Kalman filter.

[0034] As described above, the prediction step and the measurement update step are repeatedly performed, and the
predicted own-vehicle position and the estimated own-vehicle position X*(t) are successively calculated. As a result,
the most probable own-vehicle position is calculated.

[Own-Vehicle Position Estimation Using Lane division line]

[0035] Next, the own-vehicle position estimation using the lane division lines, that is characteristic in the present
embodiment, is described. In the present embodiment, the own-vehicle position estimation is performed using the lane
division lines as landmarks. Note that, in the following description, an example in which white lines are used as the lane
division linesis described. However, the own-vehicle position estimation is similarly applicable to yellow lane division lines.

(1) Measurement of White Line by Lidar
[0036] First, a method of measuring the white line by the lidar is described.
(Measurement Value by Lidar)

[0037] As illustrated in FIG. 6, a Cartesian coordinate system (hereinafter, referred to as "vehicle coordinate system")
in which an own-vehicle position of a vehicle is handled as an origin and the traveling direction of the vehicle is represented
in the x-axis is considered. The measurement value to a measurement target by the lidar includes a horizontal angle «,
a vertical angle 3, and a distance r. When these values are converted into values in the Cartesian coordinate system,
the measurement value by the lidar is expressed by the following expression.

r, (l) r(i)cos ﬁ(i)cos a(i)
Z(i)= , (i)|=| r(i)cos A(i)sin cx(i)
r.(0) r(i)sin 5(0)

(Detection of White Line)

[0038] FIG. 7 illustrates a method of detecting a white line by each of the lidars 2 mounted on the vehicle. The white
line has high reflection intensity because a retroreflective material is applied. Accordingly, the onboard device 1 provides
a window at a position where the white line on a road surface in front of the vehicle is easily detectable, and detects a
portion having high reflection intensity in the window as the white line.

[0039] Specifically, as illustrated in FIG. 7, emission light EL is emitted toward the road surface in front of the vehicle
from each of the lidars 2 provided on a front right side and a front left side of the vehicle. Virtual windows W are defined
at predetermined positions in front of the vehicle. The positions of the windows W based on a center O of the vehicle
are previously determined. Namely, a horizontal distance L1 from the center O of the vehicle to the windows W, a lateral-
direction distance L2 from the center O of the vehicle to each of the right window W and the left window W, and a length
L3 of each of the windows W is previously determined. The onboard device 1 extracts the scan data belonging to each
of the windows W among the scan data output from the lidars 2. In a case where the reflection intensity of the scan data
is larger than a predetermined threshold, the onboard device 1 determines that the white line has been detected.

(Line Interval)

[0040] When multilayer lidars are used as the lidars 2, a plurality of scan lines s are formed in each of the windows
W. FIG. 8 illustrates positions of the plurality of scan lines s in each of the windows W. Intervals of the plurality of scan
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lines s (hereinafter, referred to as "line intervals") in each of the windows W are gradually increased as a distance from
the vehicle is increased. An upper right part in FIG. 8 is a plane view of the scan lines in one window W as viewed from
above. Scan lines s, to s, are formed in the window W, and line intervals d4 to dg of the scan lines are illustrated. The
line interval d of the scan line is increased as the distance from the vehicle is increased. A lower right part in FIG. 8 is
a diagram of the scan lines in one window W as viewed from a side. Likewise, the line interval d of the scan line is
increased as the distance from the vehicle is increased.

[0041] When a number of an arbitrary scan line is defined as "i", a horizontal angle of an i-th scan line is defined as
o(i), a vertical angle is defined as (i), and a distance from the vehicle is defined as r(i), a line interval d(i) between the
i-th scan line and an (i+1)-th scan line is determined by the following expression (4). Likewise, a line interval d(i+1)
between the (i+1)-th scan line and an (i+2)-th scan line is determined by the following expression (5), and a line interval
d(i+2) between the (i+2)-th scan line and an (i+3)-th scan line is determined by the following expression (6).

d(i)=r(i)cos a(i)cos ﬁ(i)— r(i +1)cos a(i +1)oos ﬂ(i +1)
d(i + 1)= r(i +1)cosa(i +l)cos ﬁ(i +1)—r(i +2)cosa(i +2)cos ﬁ(i +2)
d(i + 2)=r(i +2)cosa(i +2)cos ﬂ(i +2)— r(i +3)cosa(i + 3)cos ﬂ(i +3)

[0042] As described above, the line intervals d of the plurality of scan lines s in each of the windows W can be
determined based on the scan data by the lidars 2.

(Measurement of End Point Position of White Line)

[0043] Next, a method of measuring an end point position of the white line by the lidar is described. FIG. 9 illustrates
a method of measuring the position of the end point of a starting part of the white line (starting point of white line). In the
window W, 10 scan lines s, to s4, are formed. As described above, the onboard device 1 detects the white line based
on the reflection intensity of the scan data obtained by the lidar. It is now assumed that the reflection intensity of the
scan data is changed between the scan lines s, and sj as illustrated in the example 1. Namely, the reflection intensity
of the scan line s, is larger than or equal to a predetermined threshold, and the reflection intensity of the scan line s5 is
smaller than the predetermined threshold. In this case, it is known that the end point of the white line exists between the
scan lines s, and s5, but the accurate position of the end point of the white line is not known. Accordingly, the onboard
device 1 regards a middle point between the scan lines s, and s; as the end point of the white line.

[0044] Likewise, in a case where the reflection intensity of the scan data is changed between the scan lines s, and
sg as illustrated in the example 2, the onboard device 1 regards a middle point between the scan lines s, and sg as the
end point of the white line. In a case where the reflection intensity of the scan data is changed between the scan lines
s; and sg as illustrated in the example 3, the onboard device 1 regards a middle point between the scan lines s; and sg
as the end point of the white line.

[0045] A method of detecting an end point of a termination part of the white line is basically similar. FIG. 10 illustrates
a method of measuring a position of the end point of the termination part of the white line (termination point of white
line). Itis assumed that the reflection intensity of the scan data is changed between the scan lines s, and s5 as illustrated
in the example 4. Namely, the reflection intensity of the scan line s, is smaller than the predetermined threshold, and
the reflection intensity of the scan line s3 is larger than or equal to the predetermined threshold. In this case, the onboard
device 1 regards the middle point between the scan lines s, and s; as the end point of the white line.

[0046] Likewise, in a case where the reflection intensity of the scan data is changed between the scan lines s, and
sg as illustrated in the example 5, the onboard device 1 regards the middle point between the scan lines s, and s5 as
the end point of the white line. Further, in a case where the reflection intensity of the scan data is changed between the
scan lines s; and sg as illustrated in the example 6, the onboard device 1 regards the middle point between the scan
lines s; and sg as the end point of the white line.

[0047] In acase where the reflection intensity of the scan data is changed between the i-th scan line s; and the (i+1)-th
scan line s;,4, a measurement value L,(t) of the lidar that indicates the position of the end point of the white line in the
traveling direction of the vehicle is calculated by the following expression with use of a position r,(i) of the i-th scan line
s; and a position r,(i+1) of the (i+1)-th scan line s;,4 in the traveling direction of the vehicle.
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L (t): v, (i)+;’x (i +1) -

[0048] The measurement value of the white line by each of the lidars 2 is given by the following expression.

ot

[0049] Note that, the examples of FIG. 9 and FIG. 10 illustrate the case where one scan line can be detected as a set
of scan data having equivalent reflection intensity. However, there is a case where the reflection intensity of the scan
data is changed in a middle of one scan line. In this case, it is difficult to distinguish whether the scan line corresponds
to the end point position of the white line or the scan line does not correspond to the end point position of the white line
but the scan line has been detected as the end point due to stains, blur, or the like.

[0050] FIG. 11 illustrates an example in which the reflection intensity of the scan data is changed in the middle of the
scan line. In the example 7 and the example 8, the reflection intensity of the scan data is changed in the middle of the
scan line s3. Therefore, it is difficult to determine that the scan line s is the end point of the white line. Accordingly, in
the case where the reflection intensity of the scan data is changed in the middle of the scan line, the onboard device 1
regards a middle point between the scan line correctly detected as the white line and a scan line not detected as the
white line at all, as the end point position of the white line. In the example 7 in FIG. 11, the onboard device 1 regards a
middle point between the scan line s, correctly detected as the white line and the scan line s, not detected as the white
line at all, as the end point position of the white line. Likewise, in the example 8, the onboard device 1 regards a middle
point between the scan line s, correctly detected as the white line and the scan line s, not detected as the white line at
all, as the end point position of the white line.

[0051] In a case where the reflection intensity of the scan data is changed in the middle of the i-th scan line s; that is
located between an (i-1)-th scan line s, 4 and the (i+1)-th scan line s;,;, the measurement value L,(t) of the lidar that
indicates the position of the end point of the white line in the traveling direction of the vehicle is calculated by the following
expression (9) with use of a position r,(i-1) of the (i-1)-th scan line s;_4 and the position r,(i+1) of the (i+1)-th scan line
S;+1 in the traveling direction of the vehicle. In addition, the line interval d(t) at that time is calculated by an expression (10).

ni— 1D +nli+1)
2

Lo(t) =

d(t) = r{i = Dcose(i = Deosf(i = 1) = r(i + Decosa(i + Deosf(i+1)  10)

[0052] As described above, in the case where the end point of the white point can be detected, the measurement
value L,(t) in the traveling direction of the vehicle has a value derived from the expression (7) or the expression (9). In
a case where the end point of the white line cannot be detected, the measurement value L,(t) in the traveling direction
of the vehicle is absent. On the other hand, a measurement value Ly(t) in the lateral direction of the vehicle is an average
value of center points of the plurality of scan lines detected in the window W. As a result, the measurement value of the
white line by the lidar can be determined based on the detection result of the white line.

(2) Own-Vehicle Position Estimation Method
[0053] Next, an own-vehicle position estimation method according to the present embodiment is described.
(Calculation of Landmark Prediction Value)

[0054] First, a method of calculating a landmark prediction value of the end point of the white line by using the map
data is described. FIG. 12 illustrates the method of calculating the landmark prediction value of the end point of the white
line. In FIG. 12, a vehicle V exists in a world coordinate system, and a vehicle coordinate system is defined with a center
of the vehicle V as an origin. Coordinates (m,(k), my(k)) of a white line end point k are stored in the map DB 10. The
coordinates of the white line end point k stored in the map DB 10 are coordinates in the world coordinate system, and
the onboard device 1 converts the coordinates to coordinates in the vehicle coordinate system. Specifically, when
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coordinates of an estimated own-vehicle position of the vehicle V are x-(t) and y-(t), and an estimated own-vehicle azimuth
is W-(t), the landmark prediction value of the white line end point k is expressed by the following expression with use of
a rotation matrix that converts the coordinate in the world coordinate system to the coordinates in the vehicle coordinate
system.

. _Zx(t) cos17(t) smw t m, k) ()
Z(t) B _Zy (t) —sin l7(t) cosw t m, k) y( )
[ {m ()= 50} cos 7 () + {m, (k) - 5(0)} sin 7(¢)

[t (k) = 3@y sin (1) + o, () 5(0)}cos 7(0)

(Correction of Kalman Gain)

(11)

[0055] Next, a method of correcting the Kalman gain based on a detection state of the end point of the white line is
described. FIG. 13A illustrates correction coefficients of the Kalman gain in the case where the onboard device 1 detects
the end point of the white line. As the landmark measurement value used in the own-vehicle position estimation, there
are a measurement value in the traveling direction of the vehicle and a measurement value in the lateral direction of the
vehicle. Therefore, the correction coefficient in the traveling direction of the vehicle is defined as a traveling-direction
correction coefficient a(t), and a correction coefficient in the lateral direction of the vehicle is defined as a lateral-direction
coefficient b(t).

[0056] In a case where the onboard device 1 detects the end point of the white line in the window W, the onboard
device 1 uses the position of the end point of the white line as the measurement value in the traveling direction. However,
as described above, since the measurement value of the end point position of the white line is determined as the middle
point between the two adjacent scan lines before and after the change in the reflection intensity, the measurement
accuracy in the traveling direction of the vehicle is varied depending on the line interval of the scan lines. Namely, the
error is large when the line interval is wide, and the error is small when the line interval is narrow. Accordingly, the Kalman
gain in the traveling direction is corrected using the length of the line interval of the scan lines. Specifically, an inverse
number of the line interval d(t) is defined as the traveling-direction coefficient a(t). Namely, the traveling-direction coef-
ficient a(t) is set as follows,

a(t) = 1/d().

In the case where the end point of the white line is detected, measurement accuracy of the end point position of the
white line is higher as the line interval is narrower. Therefore, correction to increase the Kalman gain is performed.
[0057] As the measurement value in the lateral direction of the vehicle, the average value of the center points of the
plurality of scan lines detected in the window W is used. In the case where the end point of the white line is detected in
the window W, when the number of scan lines existing in the window W is defined as N, and the number of scan lines
measured on the white line by the lidar is defined as N, as illustrated in FIG. 13A, the lateral-direction coefficient b(t) is
set as follows,

b(t) = Nuo(t)/Nu.

In the case where the end point of the white line is detected, measurement accuracy in the lateral direction of the vehicle
is higher as the number of scan lines detected on the white line is larger. Therefore, correction to increase the Kalman
gain is performed.

[0058] FIG. 13B illustrates the correction coefficients of the Kalman gain in a case where the onboard device 1 detects
the white line but the onboard device 1 does not detect the end point of the white line. In the case where the onboard
device 1 does not detect the white line, the measurement value in the traveling direction of the vehicle cannot be obtained.
Therefore, the traveling-direction coefficient a(t) is set as follows,

a(t) = 0.

10
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Further, in the case where the onboard device 1 does not detect the end point of the white line, the center points of all
of the scan lines in the window W can be measured and the measurement accuracy in the lateral direction of the vehicle
is high. Therefore, the lateral-direction coefficient b(t) is set as follows,

b(t) = 1.

[0059] The own-vehicle position estimation unit 17 uses the traveling-direction coefficient a(t) and the lateral-direction
coefficient b(t) obtained in the above-described manner to correct the Kalman gain. Specifically, the own-vehicle position
estimation unit 17 multiplies the Kalman gain K(t) expressed in the following expression (12) by the traveling-direction
coefficient a(t) and the lateral-direction coefficient b(t), thereby to generate an adaptive Kalman gain K(t)’ expressed in
an expression (13).

K())=P()H( ) {H(POHEY +R@)}

, a(t)kll(t) b(t)klz(t)
K(r) =[a(t)<k,(r) )<k, (1)]=| alt)ky (r) b(r)ky (1)
a(t)km (t) b(t)k32 (t)

[0060] Thereafter, the own-vehicle position estimation unit 17 applies the obtained adaptive Kalman gain K(t) to the
Kalman gain K(t) in the expression (2), and calculates an estimated own-vehicle position X*(t) by the following expression
(14).

K(0)=X()+K() {z()-Z()}

(Correction of Measurement Noise)

[0061] Next, a method of correcting measurement noise based on the detection state of the end point of the white line
is described. FIG. 14A illustrates correction coefficients of the measurement noise in the case where the onboard device
1 detects the end point of the white line. As the landmark measurement value used in the own-vehicle position estimation,
there are the measurement value in the traveling direction of the vehicle and the measurement value in the lateral
direction of the vehicle. Therefore, the correction coefficient in the traveling direction of the vehicle is defined as the
traveling-direction correction coefficient a(t), and the correction coefficient in the lateral direction of the vehicle is defined
as the lateral-direction coefficient b(t).

[0062] In the case where the onboard device 1 detects the end point of the white line in the window W, the onboard
device 1 uses the position of the end point of the white line as the measurement value in the traveling direction. However,
as described above, since the measurement value of the end point position of the white line is determined as the middle
point between the two adjacent scan lines before and after the change in the reflection intensity, the measurement
accuracy in the traveling direction of the vehicle is varied depending on the line interval of the scan lines. Namely, the
error is large when the line interval is wide, and the error is small when the line interval is narrow. Accordingly, the
measurement noise in the traveling direction is corrected using the length of the line interval of the scan lines. Specifically,
a ratio of the line interval d(t) and the shortest line interval (line interval dg in FIG. 9) among the plurality of detected line
intervals is defined as the traveling-direction coefficient a(t). Namely, the traveling-direction coefficienta(t) is setas follows,

a(t) = d(t)/do.

In the case where the end point of the white line is detected, the measurement accuracy of the end point position of the
white line is higher as the line interval is narrower. Therefore, correction to reduce the measurement noise is performed.
[0063] As the measurement value in the lateral direction of the vehicle, the average value of the center points of the
plurality of scan lines detected in the window W is used. In the case where the end point of the white line is detected in
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the window W, when the number of scan lines existing in the window W is defined as Ny, and the number of scan lines
measured on the white line by the lidar is defined as N|_as illustrated in FIG. 14A, the lateral-direction coefficient b(t) is
set as follows,

b(t) = Nu/Nu(t).

In the case where the end point of the white line is detected, measurement accuracy in the lateral direction of the vehicle
is higher as the number of scan lines detected on the white line is larger. Therefore, correction to reduce the measurement
noise is performed.

[0064] FIG. 14B illustrates the correction coefficients of the measurement noise in the case where the onboard device
1 detects the white line but the onboard device 1 does not detect the end point of the white line. In the case where the
onboard device 1 does not detect the white line, the measurement value in the traveling direction of the vehicle cannot
be obtained. Therefore, a large value is set as the traveling-direction coefficient a(t). For example, the traveling-direction
coefficient a(t) is set as follows,

a(t) = 10000.

Further, in the case where the onboard device 1 does not detect the end point of the white line, the center points of all
of the scan lines in the window W can be measured and the measurement accuracy in the lateral direction of the vehicle
is high. Therefore, the lateral-direction coefficient b(t) is set as follows,

b(t) = 1.

[0065] The own-vehicle position estimation unit 17 multiplies the measurement noise by the traveling-direction coef-
ficient a(t) and the lateral-direction coefficient b(t) obtained in the above-described manner, thereby to generate adaptive
measurement noise. Further, the own-vehicle position estimation unit 17 uses the adaptive measurement noise to
determine the estimated own-vehicle position.

[0066] Specifically, basic measurement noise R(t) is derived from the following expression. Note that, with respect to
the white line measurement as a target, o ,2 is measurement noise in the traveling direction in the vehicle coordinate
system, and cLy2 is measurement noise in the lateral direction in the vehicle coordinate system.

[0067] Accordingly, the own-vehicle position estimation unit 17 multiplies the measurement noise by the traveling-
direction coefficient a(t) and the lateral-direction coefficient b(t) to obtain the following adaptive measurement noise R(t)'.

a(t) of, 0

R(®) = 0 b(t) of,

(16)

[0068] Further, the own-vehicle position estimation unit 17 substitutes the adaptive measurement noise R(t)’ into the
expression (12) for the Kalman gain, to obtain the following adaptive Kalman gain K(t)'.

K(t) = POHO{HOPWH®)" + R()} (17)

[0069] Thereafter, the own-vehicle position estimation unit 17 applies the obtained adaptive Kalman gain K(t)' to the
Kalman gain K(t) in the expression (2), and calculates the estimated own-vehicle position X*(t) from the expression (14).
[0070] As a result, the position estimation in the traveling direction can be performed using the end point information
on the dashed line, and the suitable processing based on the detection state of the white line can be performed by the
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processing using the adaptive measurement noise corresponding to the detection accuracy of the end point of the white
line and the number of the detected lines.

(3) Own-Vehicle Position Estimation Processing

[0071] FIG. 15is a flowchart of the own-vehicle position estimation processing performed by the own-vehicle position
estimation unit 17. The own-vehicle position estimation unit 17 repeatedly performs the processing in the flowchart of
FIG. 15.

[0072] First, the own-vehicle position estimation unit 17 determines whether a vehicle body speed and an angular
velocity in a yaw direction of the vehicle have been detected (step S11). For example, the own-vehicle position estimation
unit 17 detects the vehicle body speed based on the output of the vehicle speed sensor 4, and detects the angular
velocity in the yaw direction based on the output of the gyro sensor 3. In a case where the vehicle body speed and the
angular velocity inthe yaw direction of the vehicle have been detected (step S11: Yes), the own-vehicle position estimation
unit 17 uses the detected vehicle body speed and the detected angular velocity to calculate the predicted own-vehicle
position from the estimated own-vehicle position X/(t-1) of the previous time. Further, the own-vehicle position estimation
unit 17 calculates the covariance matrix at the current time from the covariance matrix of the previous time (step S12).
Note that, in the case where the vehicle body speed and the angular velocity in the yaw direction of the vehicle have
not been detected (step S11: No), the own-vehicle position estimation unit 17 uses the estimated own-vehicle position
XA (t-1) of the previous time as the predicted own-vehicle position X-(t), and uses the covariance matrix of the previous
time as the covariance matrix at the current time.

[0073] Next, the own-vehicle position estimation unit 17 determines whether the white lines have been detected as
the landmark used in the own-vehicle position estimation (step S13). Specifically, the own-vehicle position estimation
unit 17 sets the windows W as illustrated in FIG. 7, and determines whether the white lines have been detected in the
windows W based on the reflection intensity of the scan data by the lidars 2. In a case where the white lines have not
been detected (step S13: No), the own-vehicle position estimation using the white lines cannot be performed. Therefore,
the processing ends.

[0074] In contrast, in a case where the white lines have been detected (step S13: Yes), the own-vehicle position
estimation unit 17 calculates the landmark prediction values of the white lines based on the map data in the map DB
10, and calculates the landmark measurement values of the white lines by the lidars 2 (step S14). Specifically, the own-
vehicle position estimation unit 17 converts the coordinates of the end points of the white lines included in the map data
into coordinates in the vehicle coordinate system, and calculates the landmark prediction value of the end points of the
white lines. In addition, the own-vehicle position estimation unit 17 uses the measurement values of the white lines by
the lidars as the landmark measurement values.

[0075] Further,asdescribed withreferenceto FIG. 13 and FIG. 14, the own-vehicle position estimation unit 17 calculates
the traveling-direction coefficient a(t) and the lateral-direction coefficient b(t) based on whether the end points of the
white lines have been detected (step S15).

[0076] Thereafter, the own-vehicle position estimation unit 17 uses the covariance matrix to calculate the Kalman gain
K(t) based on the above-described expression (10), uses the traveling-direction coefficient a(t) and the lateral-direction
coefficient b(t) to generate the adaptive Kalman gain K(t)’ expressed in the expression (13) or (17), and calculates the
estimated own-vehicle position from the expression (14). Moreover, the own-vehicle position estimation unit 17 uses
the adaptive Kalman gain K(t)’ to update the covariance matrix as expressed by the following expression (18) (step S16).

P(r)=P()-K@)H()P() (8

[0077] As described above, in the case where the end points of the white lines can be detected, the own-vehicle
position estimation unit 17 performs the own-vehicle position estimation processing based on the Kalman filter by using
the end points of the white lines as the landmarks. Further, the own-vehicle position estimation unit 17 calculates the
traveling-direction coefficient and corrects the Kalman gain based on the line interval of the scan lines by each of the
lidars 2 when the end points of the white lines are detected. This makes it possible to perform the own-vehicle position
estimation with high accuracy in the traveling direction of the vehicle.

[Modification]
[0078] In the above-described embodiment, the windows W are provided on the right and left positions in front of the

vehicle, and the onboard device 1 detects the white lines in the windows W. In a case where a pair of lidars 2 is provided
on a rear part of the vehicle, the windows W may be provided on the right and left positions on a rear side of the vehicle
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to detect the white lines.

BRIEF DESCRIPTION OF REFERENCE NUMBERS

[0079]

1 Onboard device

2 Lidar

3 Gyro sensor

4 Vehicle speed sensor

5 GPS receiver

1 Map DB

Claims

1. A self-position estimation device mounted on a mobile body comprising:

an acquisition unit configured to acquire a predicted position of the mobile body;

a difference value calculation unit configured to calculate a difference value between a predicted position of an
end point of a lane division line and a measured position of the end point of the lane division line, the predicted
position being obtained based on information on the end point of the lane division line acquired from map
information, the measured position being measured by a measurement unit which is mounted on the mobile
body and which measures the measured position by performing scanning with a lightin a predetermined direction;
and

an estimation unit configured to estimate a self-position of the mobile body by correcting the predicted position
of the mobile body with a value obtained by multiplying the difference value by a coefficient,

wherein the estimation unit corrects the coefficient based on an interval of scanning positions of the measurement
unit at a position where the end point of the lane division line is detected.

2. The self-position estimation device according to claim 1, wherein the estimation unit corrects the coefficient with an
inverse number of the interval of the scanning positions.

3. The self-position estimation device according to claim 1, wherein the estimation unit corrects the coefficient based
on a ratio of the interval of the scanning positions and a shortest interval of the scanning positions measured by the
measurement unit among intervals of the scanning positions.

4. The self-position estimation device according to any one of claims 1 to 3,
wherein the measurement unit detects a lane division line existing in a window that is defined at a predetermined
position with a position of the mobile body as a reference, and
wherein the estimation unit corrects the coefficient based on a ratio of number of scan lines existing on the lane
division line and number of scan lines previously determined based on a size of the window.

5. The self-position estimation device according to any one of claims 1 to 4, wherein the measurement unit detects a
middle point between a scan line existing on the lane division line and a scan line not existing on the lane division
line as the end point of the lane division line, the scan line existing on the lane division line and the scan line not
existing on the lane division line being adjacent to each other.

6. The self-position estimation device according to any one of claims 1 to 5, wherein the coefficient is a Kalman gain.

7. A self-position estimation method performed by a self-position estimation device mounted on a mobile body, the

method comprising:

an acquisition process configured to acquire a predicted position of the mobile body;

a difference value calculation process configured to calculate a difference value between a predicted position
of an end point of a lane division line and a measured position of the end point of the lane division line, the
predicted position being obtained based on information on the end point of the lane division line acquired from
map information, the measured position being measured by a measurement unit which is mounted on the mobile
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body and which measures the measured position by performing scanning with alightin a predetermined direction;
and

an estimation process configured to estimate a self-position of the mobile body by correcting the predicted
position of the mobile body with a value obtained by multiplying the difference value by a coefficient,

wherein the estimation process corrects the coefficient based on an interval of scanning positions of the meas-
urement unit at a position where the end point of the lane division line is detected.

8. A program executed by a self-position estimation device that is mounted on a mobile body and includes a computer,
the program causing the computer to function as:

an acquisition unit configured to acquire a predicted position of the mobile body;

a difference value calculation unit configured to calculate a difference value between a predicted position of an
end point of a lane division line and a measured position of the end point of the lane division line, the predicted
position being obtained based on information on the end point of the lane division line acquired from map
information, the measured position being measured by a measurement unit which is mounted on the mobile
body and which measures the measured position by performing scanning with a lightin a predetermined direction;
and

an estimation unit configured to estimate a self-position of the mobile body by correcting the predicted position
of the mobile body with a value obtained by multiplying the difference value by a coefficient,

wherein the estimation unit corrects the coefficient based on an interval of scanning positions of the measurement
unit at a position where the end point of the lane division line is detected.

9. A storage medium storing the program according to claim 8.
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FIG.9
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(EXAMPLE 1) CHANGE IN REFLECTION INTENSITY BETWEEN SCAN LINES s, AND s3
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FIG.10

<DETECTION OF END POINT OF TERMINATION PART OF WHITE LINE>
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(EXAMPLE 4) CHANGE IN REFLECTION INTENSITY BETWEEN SCAN LINES s, AND s3
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FIG.11

<CASE WHERE REFLECTION INTENSITY IS CHANGED IN MIDDLE OF SCAN LINE>
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(EXAMPLE 7) CHANGE IN REFLECTION INTENSITY IN MIDDLE OF SCAN LINE s3
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FIG.12
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FIG.13A

<CASE WHERE END POINT IS DETECTED>
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FIG.13B

<CASE WHERE END POINT IS NOT DETECTED>
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FIG.14A

<CASE WHERE END POINT IS DETECTED>
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FIG.14B

<CASE WHERE END POINT IS NOT DETECTED>
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FIG.15
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